phological evidence for direct interaction between gonadotrophin-releasing hormone neurones and astroglial cells in the human hypothalamus.: Neuroglial interactions for GnRH neurones in the human hypothalamus.
In rodents, there is compelling evidence indicating that dynamic cell-to-cell communications involving cross talk between astroglial cells (such as astrocytes and specialised ependymoglial cells known as tanycytes) and neurones are important in regulating the secretion of gonadotrophin-releasing hormone (GnRH), the neurohormone that controls both sexual maturation and adult reproductive function. However, whether such astroglial cell-GnRH neurone interactions occur in the human brain is not known. In the present study, we used immunofluorescence to examine the anatomical relationship between GnRH neurones and glial cells within the hypothalamus of five women. Double-staining experiments demonstrated the ensheathment of GnRH neurone perikarya by glial fibrillary acidic protein (GFAP)-immunoreactive astrocyte processes in the periventricular zone of the tuberal region of the hypothalamus. GFAP immunoreactivity did not overlap that of GnRH at the GnRH neurone's projection site (i.e. the median eminence of the hypothalamus). Rather, human GnRH neuroendocrine fibres were found to be closely associated with vimentin or nestin-immunopositive radial gial processes likely belonging to tanycytes. In line with these light microscopy data, ultrastructural examination of GnRH-immunoreactive neurones showed numerous glial cells in direct apposition to pre-embedding-labelled GnRH cell bodies and ⁄ or dendrites in the infundibular nucleus, whereas postembedding immunogoldlabelled GnRH nerve terminals were often seen to be enwrapped by glial cell processes in the median eminence. GnRH nerve button were sometimes visualised in close proximity to fenestrated pituitary portal blood capillaries and ⁄ or evaginations of the basal lamina that delineate the pericapillary space. In summary, these data demonstrate that GnRH neurones morphologically interact with astrocytes and tanycytes in the human brain and provide evidence that glial cells may contribute physiologically to the process by which the neuroendocrine brain controls the function of GnRH neurones in humans.
networks involved in the control of GnRH secretion can be subjected to the direct modulatory influence of gonadal steroids (10, 11) . However, it is becoming increasingly clear from experiments conducted in rodents that, in addition to these transsynaptic regulatory mechanisms, cell-cell interactions involving non-neuronal cells, such as astrocytes and specialised ependymoglial cells known as tanycytes, might be of critical importance for the regulation of GnRH secretion in females (12) (13) (14) (15) (16) .
Glial cell processes abundantly appose the GnRH cell membrane in both rodents and nonhuman primates and at both GnRH perikarya and GnRH axon terminals (17) (18) (19) (20) (21) (22) (23) . Whether GnRH neurones exhibit strong associations with astroglial cells in the human brain is not known. To provide an anatomical basis for the potential direct interaction of glial cells with GnRH neurones in the human hypothalamus, morphological studies were conducted using postmortem human material.
In the present study, double-immunofluorescence was used to examine whether astroglia processes from the tuberal region of the hypothalamus make close appositions to GnRH perikarya, as well as to its nerve terminals. In a second experiment, the glial ensheathment of GnRH neurones was examined by electron microscopy.
Materials and methods

Tissue
Brains of five women were obtained from autopsies at 6-48 h postmortem (Table 1) . A review of medical records indicated that specimens were obtained from individuals with no neurological or neuroendocrinological disorder (Table 1 ). The brain samples were taken from patients that donated bodies to Science in compliance with the French laws on bioethics. Structures inside and outside the human brain were identified by reference to an atlas of the human brain (24) .
Fluorescent immunostaining
After whole brain removal, blocks of 20 mm per side encompassing the hypothalamus were harvested with the optic chiasm as the anterior limit and the mamillary bodies as the posterior limit. Hypothalami were immersion fixed in 4% paraformaldehyde in 0.1 M phosphate buffer (pH 7.4) (PB) for 1 week, cryoprotected in 20% sucrose in PB containing 0.9% sodium chloride (PBS) for 48 h, embedded in Tissue Tek (Miles, Elkhart, IN, USA) and frozen in liquid nitrogen. Coronal cryostat sections (14 lm) were mounted on chrome-alum-gelatin coated slides, air-dried, and subjected to immunofluorescent stainings using a procedure described previously (25, 26) . Briefly, sections were incubated for 10 min in LKPBS (KPBS 0.02 M with 0.3% of triton 100X and 2% of normal goat serum) to block the nonspecific sites. Sections were then incubated for one night at 4°C with 250 ll of primary antibodies diluted in LKPBS. The characteristics of the primary antibodies used are shown in Table 2 . After rinsing, secondary antibodies (250 ll) were deposited on sections and incubated at room temperature (RT) for 1 h. Goat antirabbit Alexa Fluor 488 (1 : 400) and goat antimouse Alexa Fluor 546 (1 : 400) were obtained from Molecular Probes (Eugene, OR, USA). Cell nuclei were stained with 0.02% Hoechst 33258 bi-benzimidine (Molecular Probes). Importantly, to avoid the strong autofluorescence caused by lipofuscin granules usually present in adult human brain tissue, sections were immersed in a solution of 0.3% Sudan Black B (Sigma, St Quentin Fallavier, France) in 70% ethanol for 10 min (27) . This treatment completely blocked autofluorescence. Sections were then coverslipped in PermaFluor medium (Immunon, Pittsburg, PA, USA). Control sections were incubated in the absence of primary antibody.
Immunofluorescent images were acquired using a DC300FX camera (Leica, Nussloch, Germany) attached to a DMRB microscope (Leica) through FW4000 software (Leica) with · 20 (numerical aperture 0.5) or · 40, 0.7 Plan Fluotar objectives Confocal images were captured using a TCS SP confocal system (Leica). For illustration purposes, photomontages of the median eminence were prepared with the help of Photoshop CS2 (Adobe Systems, San Jose, CA, USA) using 30-60 digitised images acquired with a · 20 objective.
Electron microscopy
A female brain with a 6-h postmortem delay was subjected to intracerebroventricular injection of 10 ml of 2% paraformaldehyde, 0.2% picric acid and 0.1% glutaraldehyde in 0.1 M PB pH 7.4 to prior dissection. The median eminence and the periventricular zone of the tuberal region were then harvested and immersed overnight in the same fixative solution.
Pre-embedding immunostaining
The periventricular zone of the tuberal region was sliced coronally (60 lm) with a vibratome in 0.1 M PBS. Floating sections were subsequently processed for diaminobenzidine immunohistochemistry, slightly modified from a previously described method (28) . Briefly, sections were blocked in PBS with 0.05% Triton X-100 (Sigma), 1% bovine serum albumin (BSA) and 10% normal goat serum (NGS) for 1 h at RT before incubation with rabbit antiGnRH (1 : 500) (29) in PBS with 1% BSA and 10% NGS overnight at 4°C with gentle rocking. Sections were extensively washed in PBS and exposed 
Postembedding immunostaining
Subsequent to the aforementioned prefixation, the piece of tissue containing the median eminence was postfixed for 1 h at room temperature with 1% OsO 4 in PB. After dehydration, pieces of tissue were embedded in Araldite. Semithin sections (1-2 lm thick) were used to progressively approach and identify the portion of the median eminence where the ultrastructural studies were performed. To detect GnRH immunoreactivity, ultrathin sections (80-90 nm thick) collected onto nickel grids were treated using an immunogold procedure described previously (21, 25) . Briefly, after a treatment with Photographs were taken at an original magnification of · 7000; for illustration purposes, negatives were digitised with a Epson Expression 1680 Pro (Epson France S.A., Levallois Perret, France) and microphotograph montages were made using Photoshop CS2.
Results
Localisation of GnRH cell bodies and axon terminals in the periventricular zone of the tuberal region of the human hypothalamus
The localisation of GnRH expression was examined in the tuberal region of the human hypothalamus (Fig. 1A) using immunohistofluorescence. Neuronal perikarya immunoreactive for GnRH were not confined to specific nuclei, but were dispersed in the periventricular zone of the tuberal region, as previously described (30) (31) (32) (33) (34) . Ten to 30 GnRH neurones were analysed per hypothalamus. GnRH-immunoreactive perikarya were often found within the infundibular nucleus (inf) of the hypothalamus (Fig. 1B-D) . These neurones were predominantly bipolar (Fig. 1B,E) and both their soma and dendrites were noticeably surrounded by numerous cells bearing small round nuclei (Fig. 1F-G) . Within the median eminence of the hypothalamus, GnRH-immunoreactive fibres abundantly innervated the external zone where they densely outlined capillary loops (Fig. 1B-D) .
GnRH neurones are morphologically associated with GFAP-immunoreactive astrocytes at their cell body but not at their nerve terminals Using double immunostaining, GnRH neurones and GFAP-immunoreactive astrocytes in the periventricular zone of the tuberal region were examined for possible close appositions. As shown in Fig. 2(A-C) , GnRH cell bodies are enwrapped in GFAP-immunoreactive processes emanating from cells that exhibit small and round nuclei. By contrast, the distribution of GFAP immunoreactivity within the median eminence did not overlap that of GnRH neuroendocrine fibres and ⁄ or neurovascular terminals (Fig. 2D-F) .
GnRH neurones are morphologically associated with vimentin-immunoreactive glial cells both at their cell body and at their nerve terminals
To determine whether in the human median eminence, as in the rodent brain, GnRH axon fibres are tightly associated with glial processes belonging to specialised ependymoglial cells, known as tanycytes, we examined using a procedure similar to that described above immunoreactivities for GnRH and vimentin, which is an intermediate filament expressed by astrocytes in immature or dynamic conditions (35) (36) (37) and tanycytes (38) . Figure 3 (D-F) shows that GnRH fibres travel in close association with vimentin-immunoreactive tanycytic processes within the external layer of the median eminence. Unexpectedly, GnRH perikarya were also found in close apposition to vimentin-immunoreactive processes (Fig. 3A-C ).
Vimentin colocalise with GFAP in some hypothalamic astrocytes, but not in tanycytic endfeets
To determine whether GFAP-immunoreactive hypothalamic glial cells also colocalise vimentin, we performed additional double immunofluorescent studies. As shown in Fig. 4(A-C) , only a very few hypothalamic astrocytes express both GFAP and vimentin in the periventricular zone of the tuberal region. Within the median eminence, superimposition of the GFAP and vimentin stainings revealed that expression of these cytoskeletal proteins overlapped in the internal layer (Fig. 4D-F) . By contrast, the glial cell processes contacting the pial surface in the external zone of the median eminence were only immunoreactive for vimentin (Fig. 4D-F) .
GnRH axon terminals are in close association with nestin-immunoreactive tanycytic processes Because, unlike GFAP, vimentin cannot form intermediate filaments on its own (39), we next investigated whether nestin, another intermediate filament protein expressed in immature glial cells (40) was expressed in the human hypothalamus. Within the periventricular zone of the tuberal region, nestin-immunoreactivity was strikingly confined to the median eminence. In particular, antinestin antibody stained ependymal cells lining the floor of the third ventricle and projecting to the ventral surface of the brain (Fig. 5B) ( i.e. tanycytes). Nestin-positive tanycytes had tapering processes that traversed the median eminence with an arching trajectory with end feet terminating close to the portal capillaries, thereby linking the third ventricle with the hypophysial vessels (Fig. 5B,E) . In addition, the middle and the external parts of the median eminence (Fig. 5E) contained positive cell bodies with short processes (Fig. 5E) , also ending close to portal vessels (Fig. 5E ). In accordance with the results presented in Figs 3(D-F) , double-label immunocytochemical studies for GnRH and nestin revealed numerous GnRH axons in close contact with tanycytic processes in the external layer of the median eminence (Fig. 5) . No cells in close association with GnRH cell bodies were immunoreactive for nestin.
Ultrastructural analysis of the relationship between GnRH immunoreactivity and glial elements in the human hypothalamus
To refine our analysis of glia-GnRH neurone morphological interactions, we undertook pre-embedding and postembedding immunocytochemical studies to visualise GnRH perikarya and GnRH axon terminals at the ultrastructural level, respectively. Although the tissues were not perfectly preserved due to the postmortem delay, the examination of 1 lm-thick semithin sections with the light microscope showed that GnRH-immunopositive cell bodies were in direct contact with cells bearing small nuclei (Fig. 6A) , which are seen to enwrap GnRH processes or immunoreactive sections of perikarya at the electron microscopic level (Fig. 6B) . By contrast, in many cases, ultrastructural examination of the external zone of the median eminence showed that glial cell processes contacted immunogoldlabelled GnRH fibres (Fig. 7B,D) . Interestingly, GnRH nerve endings were sometimes visualised near to fenestrated pituitary portal blood capillaries (Fig. 7C,C¢¢) and ⁄ or evaginations of the pericapillary space (Fig. 7E) . Gold particles were exclusively found over nerve terminals ( Fig. 7B-E) . Within axon terminals, GnRH-immunogoldlabelling was not restricted to large dense-core secretory granules, but was also seen in axoplasm and mitochondria, as shown previously in the monkey (17) and rat (41, 42) .
Discussion
Astroglial cells morphologically interact with GnRH neurones in the human hypothalamus
The present study represents the first detailed morphological characterisation of neuro-glial interactions for GnRH neurones in the human brain. In keeping with previous observations demonstrating the ensheathment of both perikarya and neuroendocrine terminals of GnRH neurones by astroglia processes in rodents and nonhuman primates (17-23), our findings show that astrocytes and tanycytes are morphologically associated with GnRH neurones within the human hypothalamus. Previous work has established patterns of neuronal afferents to GnRH neurones (5) and documented action sites of oestrogen (43) (44) (45) within the human hypothalamus. However, we know remarkably little about how astroglia, which are key signalling components with the potential to modulate the way information is generated and disseminated within the brain (46), interact with GnRH neurones in the human hypothalamus. By using antibodies to intermediate filament proteins such as GFAP, we succeeded in visualising the anatomical relationship between GnRH neurones and astrocytes in the human hypothalamus. Our fluorescent microscopy results indicate that each individual GnRH cell body is surrounded by several astrocytes that wrap themselves around their soma and dendrites. The existence of close contacts between GnRH perikarya and astrocytes was substantiated both by structural and ultrastructural analyses on semithin and ultrathin sections, respectively, in the human hypothalamus. At the GnRH neurone's projection site, astrocytes did not appear to interact with GnRH neuroendocrine terminals. Rather, our results show a spatial segregation of GnRH axons to GFAP-immunonegative territories in the median eminence that corresponds to its external part. By contrast, the external region of the median eminence was found to be strongly immunoreactive for vimentin, which is another intermediate filament protein only expressed in certain astroglial cells of the postnatal brain and, among them, modified ependymoglial cells known as tanycytes (38) . Within the median eminence of the hypothalamus, tanycytes line the ventral portion of the wall of the third ventricle and send radial cell processes reaching the external part of the median eminence, where they establish contact with the endothelial wall of the portal vessels, via 'end-feet' specialisations (47) . Our data show that, as found in rodents (48, 49) , vimentin-immunoreactive tanycytic processes closely appose GnRH nerve terminals travelling down to the external layer of the median eminence in the human hypothalamus. Because, in contrast to GFAP, vimentin cannot self-assemble into intermediate filament in vivo (39), we aimed to identify the expression of nestin, which is an additional intermediate filament associated protein expressed in immature astroglial cells (40) that requires heteropolymerisation with either GFAP or vimentin to form intermediate filament bundles in vivo (39) , and which has recently been shown to be expressed in tanycytes of the median eminence in rodents (50, 51) . Our immunofluorescent data show that heavy glial cell processes are intensely labelled for nestin within the human median eminence. These results thus suggest that vimentin and nestin are coassembled in the intermediate filaments expressed in tanycytes of the median eminence. As visualised with antibodies to vimentin, nestin immunoreactive radial fibres are tightly associated with GnRH neuroendocrine axons. The intimate relationship between GnRH axon terminals and glia processes was coroborated at the electron microscopy level using a postembedding immunogold labelling procedure in the human median eminence. Altogether, these results provide the exciting possibility that radial tanycyte processes constitute glial elements which, in addition to serving as the scaffolding for GnRH neuroendocrine axons, may provide a regulatory role for those neuroendocrine nerve endings in the adult human median eminence. 
Hypothalamic neuroglial plasticity may modulate GnRH secretion
Hatton et al. (52) first demonstrated the importance of glial cells in the control of hypothalamic neurosecretion by documenting the plastic relationship that exists between astrocytes and vasopressin neurones. An increasing body of evidence suggests that astroglia are also functionally linked to GnRH neurones. In rodents, the direct access of GnRH neuroendocrine terminals to the vascular wall of the pituitary portal vessels in the external part of the median eminence is highly regulated by tanycytic processes that enwrap GnRH axon terminals (18, 19, 21) . At times of increased GnRH secretion (e.g. during the preovulatory surge of gonadotrophins), the terminals reach the endothelial wall due to, at least in part, retraction of the tanycytic end feet and ⁄ or evagination of the pericapillary space into the parenchyma (21) . Interestingly, the ultrastructural examination of the external zone of the human median eminence undertaken in the present study showed that evaginations of the basal lamina that delineates the pericapillary space occasionally appear in the nervous tissue in the immediate proximity of GnRH nerve terminals. Notwithstanding that these data were obtained from an aged female hypothalamus, our results raise the possibility that the aforementioned morphofunctional plasticity could take place within the human median eminence during the menstrual cycle. At GnRH perikarya, neuronal-glial interactions may also play a critical role in determining specific patterns of synapse formation during postnatal female sexual maturation, as well as participating in adult synaptic plasticity, as suggested by several nonhuman studies (22, 23, 53, 54) . Intriguingly, our results show that, among those astrocytes ensheathing GnRH cell bodies, some of them are immunoreactive for vimentin. Because double-fluorescent staining experiments showed that vimentin-immunoreactive astrocytes within the tuberal region of the hypothalamus are only lithely labelled for GFAP, it appears unlikely that they correspond to reactive astrocytes which, in addition to a transient re-expression of vimentin, are known to dramatically increase their GFAP synthesis (55) . Rather, the vimentin immunoreactive astrocytes could possibly serve a 'plastic' role by allowing changes in the apposition of astroglia processes to GnRH cell bodies, thus allowing synapses to form or to brake depending on environmental cues, as demonstrated for other neuroendocrine systems (56, 57) . Intermediate filaments are highly polymorphic structures. This polymorphism allows for the constant modification of intermediate filaments structure in response to changes in cellular conditions triggered by extracellular signals (58) . These unique physical properties bestow a critical function on intermediate filaments in the dynamic organisation of cytoarchitecture. It is then conceivable that expression of an increased array of intermediate filaments in a given cell may confer on it distinct cytodynamic properties.
A restriction on our findings holds for the possible influence of the endocrine status together with the postmortem period on the immunodetection of GnRH neurones and glial cells. However, previous studies by others have shown that the distribution and the morphology of the GnRH neurones do not vary by the gender, age and postmortem delay (< 48 h) of the individuals (59). In addition, Rance et al. (60) showed that glial cell density, GFAP staining and GnRH neurone morphology were comparable before and after menopause in the human hypothalamus.
Glia-to-neurone signalling and the neuroendocrine control of GnRH secretion in the mammalian brain
There is now evidence that astroglial cells and GnRH neurones communicate via specific signalling pathways. These communication pathways operate by release of growth factors acting via serine-threonine kinase receptors, such as transforming growth factor (TGF)-b 1 (61) (62) (63) (64) (65) , and growth factors signalling through receptors with tyrosine kinase activity including, among others, the epidermal growth factor (EGF)-related peptides, TGF-a and neuregulins (26, (66) (67) (68) . Signalling through members of both TGF-b and EGF families may account for part of the plastic remodelling that end.
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regulates the direct access of GnRH nerve terminals to the vascular wall and presumably modulates the release of GnRH into the portal vasculature during the reproductive cycle (65) . In addition, TGF-a and neuregulin signalling pathways were recently shown to be critical for glial cells to engage neuro-glia interactions able to facilitate GnRH secretion both at the time of puberty and during adulthood (26, 68) . Interestingly, in keeping with this concept, some human hypothalamic hamartomas associated with sexual precocity were shown to be rich in astroglial cells containing TG-Fa (69) . Supporting the notion that astroglial erbB signalling may also contribute physiologically to the process by which the neuroendocrine brain controls the function of GnRH neurones in humans are our recent in vitro studies showing that human hypothalamic astrocytes express all the functional erbB receptor signalling machinery (70) .
Conclusion
Taken together, the present results show that GnRH neurones morphologically interact with astrocytes and tanycytes in the human brain and thus raise the exiting possibility that glial cells play an important role in the neuroendocrine control of GnRH secretion in humans.
